Genome segment 6 of Antheraea mylitta cypovirus encodes a structural protein with ATPase activity  by Chavali, Venkata R.M. et al.
Virology 377 (2008) 7–18
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roGenome segment 6 of Antheraea mylitta cypovirus encodes a structural protein
with ATPase activity
Venkata R.M. Chavali, Chaithanya Madhurantakam, Suvankar Ghorai, Sobhan Roy,
Amit K. Das, Ananta K. Ghosh ⁎
Department of Biotechnology, Indian Institute of Technology, Kharagpur, Kharagpur 721302, West Bengal, India⁎ Corresponding author. Fax: +91 3222 278707.
E-mail address: aghosh@hijli.iitkgp.ernet.in (A.K. Gh
0042-6822/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.virol.2008.03.038A B S T R A C TA R T I C L E I N F OArticle history: The genome segment 6 (S6
Received 22 October 2007
Returned to author for revision 11 March 2008
Accepted 31 March 2008
Available online 16 May 2008
Keywords:
Antheraea mylitta
Cypovirus
P68
CBS domains
NTP-binding motif
TNP–ATP
Molecular docking
ATPase assay) of the 11 double stranded RNA genomes from Antheraea mylitta cypovirus was
converted into cDNA, cloned and sequenced. S6 consisted of 1944 nucleotides with an ORF of 607 amino
acids and could encode a protein of 68 kDa, termed P68. Motif scan and molecular docking analysis of P68
showed the presence of two cystathionine beta synthase (CBS) domains and ATP binding sites. The ORF of
AmCPV S6 was expressed in E. coli as His-tag fusion protein and polyclonal antibody was raised. Immunoblot
analysis of virus infected gut cells and puriﬁed polyhedra using raised anti-p68 polyclonal antibody showed
that S6 encodes a viral structural protein. Fluorescence and ATPase assay of soluble P68 produced in Sf-9 cells
via baculovirus expression system showed its ability to bind and cleave ATP. These results suggest that P68
may bind viral RNA through CBS domains and help in replication and transcription through ATP binding and
hydrolysis.
© 2008 Elsevier Inc. All rights reserved.Introduction
Cytoplasmic polyhedrosis viruses (CPVs) belong to the genus
Cypovirus in the family Reoviridae (Payne and Mertens, 1983;
Regenmortel et al., 2000). These viruses infect midgut cells of a
wide range of insects belonging to the order Diptera, Hymenoptera
and Lepidoptera (Belloncik and Mori, 1998). Viral infection is
characterized by the production of large numbers of occlusion bodies
called polyhedra in the cytoplasm of infected cells. The genomes of
CPVs like those of other members of the Reoviridae are usually
composed of 10 double stranded (ds) RNA segments (S1–S10) (Payne
and Mertens, 1983) although, in some cases such as type 1 Bombyx
mori CPV (BmCPV-1) (Arella et al., 1988), type 15 Trichoplusia ni
CPV (TnCPV-15) (Rao et al., 2000) and AmCPV (Qanungo et al., 2000)
the presence of an extra small dsRNA as the 11th segment is reported.
On the basis of electrophoretic migration patterns of the dsRNA
segments in agarose or acrylamide gels, CPVs have been classiﬁed into
14 different types (Fouilaud and Morel, 1994; Belloncik et al., 1996).
Among the family Reoviridae, the complete sequence of dsRNA
genomes have been reported for members of the genera Orthoreo-osh).
l rights reserved.virus, Rotavirus, Orbivirus, Phytoreovirus and other putative members
of Fijivirus and Cypovirus (Duncan, 1999; Estes and Cohen, 1989; Roy
and Gorman, 1990; Suzuki, 1995; Nakashima et al., 1996). Among the
cypoviruses, the complete nucleotide sequence of type 14 Lymantria
dispar CPV (LdCPV-14) (Rao et al., 2001), type 1 Dendrolimus punctatus
CPV (DpCPV-1) (Zhao et al., 2003a,b), TnCPV-15 (Rao et al., 2000) and
BmCPV-1 (Hagiwara et al., 1998a,b, 2001, 2002; Hagiwara and
Matsumoto, 2000; Ikeda et al., 1998) have been reported and
deposited in the Genbank. In the case of BmCPV, segments 1, 3, 4, 6,
7, and 10 encode structural proteins VP1, VP2, VP3, VP4, VP5, and
polyhedrin, and segments 2, 5, 8, and 9 encode viral non-structural
protein RNA-dependent RNA polymerase, p101, p44, and NS5,
respectively (Hagiwara et al., 1998a,b; 2001; 2002; Hagiwara and
Matsumoto, 2000; Ikeda et al., 1998). Segments 1, 3, 4, 6, 7, and 10 of
DpCPV-1 encode viral structural proteins while segments 2, 5, 8, 9 and
10 encode non-structural proteins (Zhao et al., 2003a,b) but no
signiﬁcant sequence homology has been found among different CPVs.
The Indian non-mulberry saturniidae silkworm, Antheraea mylitta,
produces an exotic variety of silk called tasar silk. Being wild in nature,
a major population of these silkworms is getting destroyed by viral
infection (Jolly et al., 1974) and it has been reported earlier that a Type
IV CPV called Antheraea mylitta cypovirus (AmCPV) containing 11
dsRNA segments in its genome is the causative agent (Qanungo et al.,
2000). Molecular cloning and characterization of AmCPV genome
8 V.R.M. Chavali et al. / Virology 377 (2008) 7–18segment 9 (S9) and 10 (S10) show that S9 codes for viral non-
structural protein, NSP38, having RNA binding property (Qanungo
et al., 2002) and S10 codes for polyhedrin (Sinha-Datta et al., 2005),
respectively. The genome segments 7 (S7), 8 (S8) and 11 (S11)
of AmCPV have also been cloned, sequenced and characterized
(Chavali and Ghosh, 2007; Jangam et al., 2007) which show that S7
and S8 encode a 61 and 60 kDa viral structural protein, respectively
but S11 consists of 390 nucleotides without any ORF. No other genome
segment of this CPV has been characterized although these viruses
destroy a major population of these economically important insects
(silkworms) each year. Here, we report the molecular cloning,
sequencing and characterization of genome segment 6 (S6) of
AmCPV, and show by immunoblot analysis that it encodes a 68 kDa
viral structural protein. Using bioinformatics analysis, ATP binding and
ATPase assay we also show that S6 encoded protein binds andFig. 1. (A) Complete nucleotide (nt) and deduced amino acid (aa) sequences of AmCPV gen
residues are represented by below the amino acid sequences. The initiation and termin
underlined. (B) Predicted secondary structure was represented above the amino acid residue
arrows represent the beta strands and the joining lines represent random coihydrolyses ATP, and may participate in viral replication and
transcription.
Results
Genetic analysis of AmCPV genome segment 6
To characterize A. mylitta genome segment 6 molecularly, S6
RNA was isolated, converted to cDNA and cloned into pCR2.1 TOPO
and the total nucleotide sequence was determined in both forward
and reverse directions. Sequencing of AmCPV S6 showed that it con-
sisted of 1944 nucleotides with a single long ORF of 607 amino acids.
The ORF startedwith an ATG codon at 32 nucleotide and terminated in
a TAG codon at nucleotide 1853 (Fig. 1A). Thirty one nucleotides
upstream of the start codon and eighty nine nucleotides downstream ofome segment 6. The two CBS motifs found between 136–184 and 269–316 amino acid
ation codons are shown in bold. Three potential N-linked glycosylation sites are double
s for proteins encoded by genome segment 6 (P68). The cylinders represent helix,
l.
Fig. 1 (continued ).
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weight of the encoded protein was deduced as 68 kDa and we termed
the protein as P68. The 5′ terminal sequences AGTAAT, and 3′ terminal
sequence AGAGC were found to be same as the 5′ and 3′ terminal
sequences of S10 and S7. No signiﬁcant homologywasdetectedwith any
nucleotide sequences available in the public databases using BLAST.
Comparisonofdeduced aminoacid sequenceofAmCPVS6usingBLASTP
program indicated localized similarities with S6 ofOperophtera brumata
cypovirus 18 (38%), S6 of LdCPV-1 (38%), viral structural protein, V4, of
DpCPV-1 (37%) and BmCPV-1 (37%). The deduced amino acid composi-
tion resulted in an isoelectric point of 8.99 and showed that P68 is rich in
Leucine (11.6%), Serine (7.2%), Isoleucine (7%) and Lysine (6.7%) residues.
Three potential N-linked glycosylation sites (at positions 10–12, 83–85and 210–512) and several phosphorylation sites were found within the
protein-coding region.
Secondary structure prediction using PHD and GOR4 programs
showed that 47.7% of the residues are likely to form random coils,
36% would form α-helices and 16.1% would form extended sheets
and devoid of transmembrane signal peptides. A total of 21 α-helices
and 18 extended β-sheets were found along the entire length of protein
(Fig. 1B). Comparison of P68 with µ2 protein of mammalian orthor-
eoviruses (belonging to Reoviridae members bearing ‘turrets’) showed
the presence of conserved ATP bindingmotifs [motif A (393–408 amino
acid residues) and motif B (422–431 amino acid residues)] (Fig. 2A).
MotifScan search showed signiﬁcant similarity of P68 with Inosine
monophosphate dehydrogenase (IMPDH) enzyme containing two
Fig. 2. A. Alignment of conserved NTP-binding motifs (motif A and motif B) of P68 with similar proteins from other Reoviridae members. Within motif A and motif B sequences,
uppercase red letters indicate conserved amino acid residues in all the sequences and lower case letters indicate conserved residues in at least half of the sequences. Positions
containing hydrophobic amino acid residues (A,V, L, I, M, F or Y) within motif A and motif B are represented by @. In between these twomotifs numbers preceding the aa indicate the
presence of variable length linker amino acid residues. Numbers at the beginning of motif A and at the end of motif B represent positions of amino acids residues where these motifs
are present in the protein. Fig. 2B. Alignment of CBS domains found in AmCPV P68 with that of enzymes, channel and few hypothetical proteins. The amino acid sequences are
annotated with their SWISS-PROT identiﬁer followed by the start point and end point of each domain. P68/136–184 and P68/269–316 denotes two CBS domains found in AmCPV S6.
IMDH_ARATH, IMDH_METKA, IMDH_DROME, IMD2_MESAU, IMH3_YEAST and IMH4_YEAST are inosine monophosphate dehydrogenases from Arabidopsis thaliana, Methanopyrus
kandleri, Drosophila melanogaster, Mesocricetus auratus and Saccharomyces cerevisiae, respectively. YR33_THEPE is a hypothetical protein from Thermophilum pendens. YTFL_HAEIN is
a hypothetical protein from Haemophilus inﬂuenza. CLC3_HUMAN is a chloride channel protein from Homo sapiens. AAKG_RAT is a 5′ AMP activated protein kinase from Rattus
norvegicus. KSF1_ECOLI is a polysialic acid capsule expression protein from E. coli. CBS_RAT is a cystathionine beta synthase H-450 protein from Rattus norvegicus. ACUB_BACSU is
acetoin utilization protein B from Bacillus subtilis. The shaded boxes indicate the conserved residues in the CBS domains from different species.
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184 and 269–316 (Fig. 2B) with the characteristic of sheet/helix/sheet/
sheet/helix topology. MotifScan result also revealed the presence of ATP/
GTP binding site motif (P-loop) from 395–402 amino acid residues.
Phylogenetic analysis
To understand the phylogenetic relationship of AmCPV with other
cypovirus, conserved NTP-binding motifs of AmCPV P68 were ana-
lyzed with that of other cypoviruses and turreted reoviruses. It was
found that some cypoviruses such as DpCPV-1, BmCPV-1 and LdCPV-
14 which are closely related to each other form a clade with AmCPV
indicating that all these insect cypovirusesmight have originated from
a common ancestor cypovirus (Fig. 3).
Northern analysis
To demonstrate the cloning of AmCPV segment 6 RNA, a northern
analysis was donewith all the genomic RNA segments of AmCPV using
cloned S6 cDNA as probe. It was observed that among the 11 dsRNA
segments present in AmCPV the cDNA of segment 6 speciﬁcallyhybridized with segment 6 genomic RNA, conﬁrming the cloning of
segment 6 genomic RNA from AmCPV (Fig. 4).
Analysis of recombinant P68 protein
To analyze the function of AmCPV S6, its ORF was cloned, expressed
and puriﬁed from E. coli as a 6× LHis-tag-P68 fusion protein (Fig. 5A). A
polyclonal antibody was raised in a rabbit, afﬁnity puriﬁed, titrated (10−4
by ELISA) and used for immunoblotting analysis. Since P68 was produced
as insoluble inclusion bodies inE. coli, the recombinant P68was expressed
in Sf9 cells via baculovirus expression vector and the production of
recombinant P68 was monitored by immunoblotting (Fig. 5B). Recombi-
nant P68 puriﬁed from E. coli and insect cells almostmigrated to the same
position in SDS-PAGE and reacted with anti-P68 antibody (Fig. 5C).
Detection of P68 in virions and viral infected cells
To demonstrate the expression of P68 in virions and virus infected
cells, CPV-infected A. mylittamidgut cells, puriﬁed polyhedral bodies and
virion particles were analyzed though SDS-10% PAGE and subjected to
immunoblot analysis usingafﬁnitypuriﬁedanti P68polyclonal antibodies.
Fig. 4. Northern blot analysis of AmCPV genome RNA. AmCPV gnome segments were
resolved by 10% PAGE as discrete bands (lane 1) (Segment 11was not visible as it ran out
of the gel under the running condition) and hybridized with [α32P] labeled cloned
segment 6 cDNA (lane 2). Arrows in the left indicate different RNA segments. Arrow in
the right indicates hybridization of segment 6 cDNA to segment 6 genomic RNA.
Fig. 3. Phylogenetic analysis of P68 with other cypoviruses and turreted reoviruses by
using theNJmethod. Eachnumberat nodes is thepercentage of 1000bootstrap replicates.
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in the lane containing lysate of infected midgut cell (Fig. 6b, lane 2),
polyhedral bodies (Fig. 6b, lane 3), and virion particles (Fig. 6b lane 4) but
not in the lane containing lysate of uninfected cell (Fig. 6b, lane 1).
CD spectroscopy of P68
To predict the secondary structure of P68, the CD spectrum of P68
was recorded in a spectropolarimeter and it showed a broad negative
band from209 nm–226nmand a positive bandat 197 nm(Fig. 7),which
is similar to a CD spectra calculated with reference proteins with a total
α-helix greater than30% (Sreeramaet al.,1999). Prediction fromK2dand
Jasco secondary structure showed that P68 contains 35% helix, 27% beta
sheets and 38% random coils.
Analysis of P68 minimized protein model
The overall modeled P68 structure of P68 with ATP molecule docked
into it (motifA)was shown inFig. 8A.The structureof P68 comprisedof21
α-helices and 15 β-sheets with a separate β-sheet domain containing 10
β-sheets. Ramachandran plot of the model showed 73.5% of the residues
in the most favorable regions, 22.3% in the additional allowed regions
and 1.3% residues in disallowed regions (Fig. 8B). The presence of the
maximum number of amino acid residues in the favorable and allowed
regions supports that the model is stable. The electrostatic potential
surface of P68was calculated using GRASP, and indicates amostly neutral
surface. The protein surface was colored according to the electrostatic
potential ranging from blue (most positive) to white (neutral) and red
(most negative) (Fig. 8E). The ligand (ATP) was docked onto P68 and the
ATP molecule ﬁts into the groove formed by Lys 397–Leu 399–Gly 400–
Lys 401 residues and constitutes the ATP binding site (~11.61 Å×~13.86 Å
dimensions) (Fig. 8C). The stability of binding is achieved by the hydrogen
and hydrophobic bonds present at the binding site (data not shown).
Fluorescence studies of P68
To study the binding of ATP to recombinant P68, the ﬂuores-
cence ATP analogue, TNP–ATP, was used in the assay. TNP–ATP is
weakly ﬂuorescent in aqueous solutions and its ﬂuorescence
increases markedly in a more hydrophobic environment such as
when bound to the active site of a probe. The ﬂuorescence emission
spectra of a 5 mM solution of TNP–ATP in the presence of 1 µM
of protein p68 (Fig. 9A) showed a two fold increase in the ﬂuo-
rescence intensity at the peak emission wave length of 550 nm
when compared with that in the absence of the protein indicating
the formation of a p68:TNP–ATP complex. On addition of excess ATP
(3000 fold) the ﬂuorescence emission intensity reduced back to half
of its original value indicating that the natural nucleotide ATP
and the ﬂuorescence TNP–ATP compete for the same binding site
on the protein. No change in the ﬂuorescence emission spectrum
was observed when 5 mM TNP–ATP was mixed with 3000 foldexcess of ATP indicating that excess of ATP molecules did not
quench TNP–ATP ﬂuorescence.
The change in ﬂuorescence (ΔF) between the ﬂuorescence of
TNP–ATP bound P68 and the ﬂuorescence of TNP–ATP alone in buffer
represents the ﬂuorescence enhancement due to speciﬁc binding.
Fluorescence titration of P68 with TNP–ATP was done where the
TNP–ATP emission ﬂuorescence (λem) was measured at 550 nm,
for different concentrations of P68 (Fig. 9B). By plotting the
values of 1/ΔF versus 1/molar concentration of TNP–ATP, maximum
ﬂuorescence enhancement (Fmax) for each TNP–ATP concentration
was obtained (Fig. 9B). Again by plotting these Fmax values versus P68
concentration (varied from 0.1 to 3.2 μM) a curve of the maximum
ﬂuorescence enhancement (Fmax) was obtained, (Fig. 9C).
From this curve, it can be seen that the ﬂuorescence yield (Ø=Fmax/
[P68]) remains constant irrespective of varying the P68 concentration,
which indicated that the bound TNP–ATP was directly proportional
to the speciﬁc ﬂuorescence enhancement. The ﬂuorescence yield was
calculated as Ø=17.61 μM−1, which represents the speciﬁc ﬂuorescence
enhancement when 1 μM P68 is fully saturated with TNP–ATP. The
number of TNP–ATP molecules bound per molecule of P68 monomer
was determined by the method of Huang et al. (1998) in which the data
from a separate titration (Fig. 9D) were ﬁt to equation r/[L]free=n/Kd−r/Kd
where r is themolar ratio of the bound ligand to P68, [L]free is the concen-
tration of free ligand, n is the binding stoichiometry (moles of TNP–ATP
bound per mole of monomeric P68), and Kd is the dissociation con-
stant. The concentration of bound ligand was estimated from the
micromolar ﬂuorescence enhancement (maximum ﬂuorescence
enhancement of TNP–ATP per micromolar P68 concentration) according
to [TNP–ATP]bound=ΔF/Ø, and the concentration of free ligand was calcu-
lated by subtracting the bound ligand concentration, [TNP–ATP] bound,
from the total ligand concentration. The data ﬁts well to a straight line
(Fig. 9E), fromwhich nwas estimated as 1.05±0.05 from the intercept on
thex-axis. Thismeans abinding stoichiometryof 1mol of TNP–ATPbound
permole P68monomer. From the slope, the dissociation constantKd) was
calculated as 3.85 μM.
ATPase assay
The TNP–ATP nucleotide binding and ATP displacement experi-
ment showed that P68 binds ATP fairly well. To investigate the ATP
hydrolysis capability of P68, the coupled enzymatic reaction was
performed where regeneration of hydrolyzed ATP was coupled to the
Fig. 5. (A) Analysis of E. coli expressed and puriﬁed recombinant P68 by SDS-PAGE. Lane 1, uninduced E. coli lysate; lane 2, IPTG-induced E. coli lysate; lane 3, Ni-NTA puriﬁed P68.
(B) Analysis of recombinant baculovirus infected Sf-9 cells by SDS-PAGE (a) andWestern blot (b). Lane 1, uninfected Sf-9 cells; lane 2, Sf-9 cells infected with recombinant baculovirus
expressing P68. (C) Analysis of recombinant P68 puriﬁed from Sf-9 and E. coli cells by SDS-PAGE (a) andWestern blot (b). Lane 1, Ni-NTA puriﬁed recombinant P68 from IPTG-induced
E. coli; lane 2, Ni-NTA puriﬁed recombinant P68 from baculovirus (AcNPV/AmCPV6) infected Sf-9 cells. LaneM, in each case represents molecular weightmarkers (kDa). Arrows in the
right indicate the position of expressed P68 or immunoreactive band.
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decreased gradually with respect to time after addition of ATP
(10 mM) in the reaction mixture containing 1 μM P68. From these
data the rate of ATPase activity (ATP hydrolysis) was calculated as
10.57 mol ATP hydrolysis/min/mol of p68 protein.
Discussion
AmCPV infects and destroys an economically important insect species,
Antheraeamylitta, which produces tasar silk and genome segments 7, 8, 9,
10 and 11 of this virus have been characterized at the molecular level.
Complete molecular characterization of this virus is necessary for
understanding the viral life cycle and pathogenesis. Here we describe
themolecular characterizationof anotherof its genomesegment, segment
6, by cloning, sequencing and expressing in prokaryotic and eukaryotic
cells. The1944nucleotide long cDNAencodes a protein of 607 amino acids
with a deducedmolecular mass of approximately 68 kDa. At the 5′ and 3′
ends of AmCPV segment 6, AGTAAT and AGAGC sequences were found as
observed at the 5′ and 3′ ends of AmCPV genome segments 7 and 10
indicating conserved terminal sequences, a characteristic feature in
different genome segments of most of the virions in Reoviridae family
(Patton and Spencer, 2000).Localized similarities of AmCPV S6 encoded P68 was found with
segment 6 encoded protein of Operophtera brumata cypovirus 18, and
LdCPV-14 as well as structural protein, V4, of DpCPV-1 and BmCPV-1
using BLASTP program, but no signiﬁcant similarity was observed at the
nucleotide level indicating that S6 might encode a novel viral protein. In
addition searching the protein databases with a consensus sequence
deﬁned by the µ2 like NTP-binding motifs from turreted Reoviridae
showed that P68 also contains thesemotifs (motif A, 393–408 amino acid
residues and motif B, 422–431 amino acid residues). The NTP-binding
motif (GXXXXGK) is considered as oneof the best conserved sequences in
manyviral proteinsbasedon theconserved sequencepresent in foot-and-
mouth disease, polio, encephalomyocarditis, and cowpea mosaic viruses
(Gorbalenya et al., 1985). In many cases viral proteins with NTP-binding
pattern (NTPp) directly support NTPase activity. In the family Reoviridae,
the members of Cypovirus along with Aquareovirus, Fijivirus, Orthoreo-
virus and Oryzavirus have distinctive pentameric turrets that sit on top of
the capsid around each ﬁvefold axis in the “inner-capsid particle” or
“core” and mediate guanyl transferase and methyl transferase reactions
(Hill et al.,1999;Reinisch et al., 2000). All thesemembers arealso reported
to have proteins with conserved motifs for NTP binding similar to μ2
proteins of mammalian orthoreoviruses (Nibert and Kim, 2004). It has
been reported that µ2 protein is a minor component of orthoreovirus
Fig. 7. “Far-UV” circular dichroism spectra of P68. Ordinate is molar ellipticity [θ] in deg
cm2 dmol−1. The P68 spectra show characteristics of αβ protein.
Fig. 6. Immunoblot analysis of P68 expression in virion and viral infected cells. Samples
were separated by SDS-PAGE and stained with Coomassie brilliant blue (a) or trans-
blotted onto nitrocellulose membrane and reacted with anti-P68 antibody (b). Lane M,
molecular weight marker; lane 1, uninfected and lane 2, CPV-infected midgut cell
lysate; lane 3, puriﬁed AmCPV polyhedra; lane 4, puriﬁed virion particles. Arrow
indicates the position of immunoreactive protein.
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andRNA-dependent RNApolymerase and shows bothNTPase andRNA5′
triphosphatase activity (RTPase) (Coombs,1998). It is assumed that P68of
AmCPV might have NTP-binding activity and forms a component of the
viral core. Phylogenetic analysis of P68 NTP-binding domainwith similar
protein domains fromother reoviruses revealed that all these cypoviruses
might have been originated from a common ancestor.
A signiﬁcant similarity of P68 was also found with IMPDH enzyme
containing twoCBSdomainsbymotif scananalysis and itmaybeassumed
that P68may possess IMPDH like activity. CBS domains have been shown
to bind ligands with adenosyl group such as AMP, ATP and S-adenosyl
methionine andmay regulate the activity of the proteins (Bateman,1997).
Due to the presence of twoCBSdomains in P68alongwith anATPbinding
motif, it may be hypothesized that, by binding to viral RNA though its
Bateman domain may help in viral replication, transcription and repair.
P68 was expressed as an insoluble His-tagged recombinant protein
in E. coli but in a soluble form in baculovirus infected insect cells. The
molecular weight of P68 predicted from the deduced amino acid
sequences of corresponding cDNA is in agreement with that estimated
by the electrophoretic mobility of the expressed protein in SDS-PAGE.
Sequence analysis of S6 cDNA revealed that it contains three possible
N-linked glycosylation sites. However, it is unlikely that these sites are
used for glycosylation since the non-glycosylated P68 synthesized in
E. coli almost co-migrated in an SDS-polyacrylamide gel with P68
expressed in Sf-9 cells. Moreover, P68 expressed in E. coli as well as in
Sf-9 cells showed a strong immunoreactive band of ~68 kDa in
western blot as observed in AmCPV-infected midgut cells, polyhedra
and virion particles. This conﬁrms that P68 is a viral structural protein
without any glycosylation. Production of polyclonal antibodies (10−4
titer) in rabbit against bacterially expressed P68 indicates that P68 is
highly immunogenic. Further work is required to demonstrate if these
antibodies possess any neutralizing activity to this CPV.
The insect cell that expressed and puriﬁed P68 has been shown to
contain nearly 35% helix, 27% beta sheets, and the rest as random coils
by CD spectroscopic analysis. The percentages of the secondary
structure elements nearly matched with our predicted values from
sequence analysis. The molecular modeling performed using Modeler
6.0 was based upon the structure-sequence alignment of 533 amino
acid residues and was further validated from Ramachandran plot. The
presence of ATP binding domain as shown earlier by analysis of aminoacid sequences in P68 has beenpredicted bymolecular docking. GRASP
picture of the docked ATP on P68 shows that Lysine–Leucine–Glycine–
Lysine residues form a groove to create a binding pocket for ATP and
interact via hydrogen bond formation. The Lysine residues interacting
with ATP are found to be conserved among the Reoviridae members
(Nibert and Kim, 2004) and may be essential for the triphosphate
hydrolase activities of μ2 proteinpresent in orthoreoviruses (Kim et al.,
2004). The presence of Lysine residues at the ATP binding pocket in P68
also conﬁrms the above report. The presence of hydrogen and
hydrophobic interactions of ATP with the binding site residues further
conﬁrms the stability of the ATP binding.
Characterization of the ATP binding site has been done by using a
ﬂuorescent nucleotide analog TNP–ATP. The ability of P68 to bind to ATP,
has been studied by initially binding with a ﬂuorescent nucleotide TNP–
ATP with P68, which is later displaced by using excess amounts of ATP,
resulting in the decrease of net ﬂorescence. It has been shown that the
ﬂuorescence of TNP–ATP is signiﬁcantly enhanced by binding to P68. A
similar enhancement of ﬂuorescencewas also observed for the binding of
TNP–ATP toTAntigen (Huang et al., 1998). The enhancement is attributed
to more hydrophobic environment of the bound nucleotide. TNP–ATP
binds to P68 with a stoichiometry of 1:1 suggesting no co-operativity in
ligand binding (Klingenberg et al., 1984) and has a dissociation constant
(Kd) of 3.85 μM.
P68 has also been found to possess a nucleoside triphosphatase
activity as shown by ATPase assay. The rate of ATPase activity has
been calculated to be 10.57 min −1, when 10 mM ATP was used as
substrate. More experiments are needed in order to determine the
Km of the P68. Our experiments further support the earlier report
that viral NTP-binding pattern containing proteins direct NTPase
activity (Gorbalenya and Koonin, 1989). P68 as a viral structural
protein may reside in the virion cores and by binding to viral RNA
though its Bateman domain and by its NTP binding and NTPase
activity, may help in viral replication, transcription and repair.
Materials and methods
Silkworm and virus and cell line
CPV-infected Indian non-mulberry silkworm, A. mylitta, was
collected from the tasar silk farms of West Bengal and the Jharkhand
states of India. The Spodoptera frugiperda (Sf9) cell line was obtained
from Invitrogen and maintained using Grace insect media supple-
mented with yeast olate, lactalbumin hydrolysate (Life Technologies)
and 10% fetal bovine serum (Hyclone).
Fig. 8.Molecular modelling of p68 and its docking with ATP. (A) Architecture of P68 docked with ATP at the ATP binding site (motif A) represented in ribbon pattern in cyan color and
ATP in atomic color mode, and marked at C-terminal and N-terminal ends. The CBS 1 and CBS 2 motifs are shown in pink and pale yellow colors, respectively. (B) Ramachandran plot
of the modeled P68. (C) Stereo view of the binding site residues of P68 and the ATP molecule at the binding site. The ATP molecule ﬁt into the groove made by the residues Lys397
(green), Leu399 (green) and Lys 401 (green), thus exposing the ATP binding pocket of P68. (D) Stereo view of the surface topology of P68 showing the solvent accessible surface,
surface electrostatic potential and the ATP molecule docked into it.
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extraction of S6 RNA
Polyhedra were puriﬁed from the midguts of infected silkworm
larvae by sucrose density gradient centrifugation according to the
method of Hayashi and Bird (1970) with some modiﬁcation (Qanungo
et al., 2000). Genomic RNA was extracted from the puriﬁed polyhedra
by the standard guanidinium isothiocyanate method (Qanungo et al.,
2000) and fractionated in 1% agarose gel. The genome segment 6 was
excised from ethidium bromide-stained gel and eluted using Qiaquick
gel extraction kit (Qiagen).
Molecular cloning and sequencing of genome segment 6 RNA
AmCPV S6 genomic RNA was converted to cDNA as described by a
sequence independent RT method (Lambden et al., 1992) using two
primers (AG1 and AG2). The 3′ end of 5′ phosphorylated primer, AG1,
(5′ PO4-CCCGGATCCGTCGACGAATTCTTT-NH2 3′) was blocked by NH2
to prevent its concatenation in subsequent dsRNA/DNA ligation
reactions. Approximately 200 ng of puriﬁed S6 RNA was taken and
ligated to primer AG1 at its 3′ ends by T4 RNA ligase for 1 h at 37 °C.The tailed RNAwas denatured by heating, annealed to primer AG2 (5′
AAAGAATTCGTCGACGGATCCGGG 3′), which was complementary to
AG1, and reverse transcribed at 55 °C for 50min by using thermoscript
reverse transcriptase (Invitrogen). The template RNA from RNA/cDNA
hybrid was removed by digestion with RNaseH, and the cDNA strands
of both polarities were reannealed by incubating at 65 °C for 2 h. The
cDNA ends were repaired by incubation with Taq DNA polymerase
(Bioline) at 72 °C for 20 min and cloned into pCR2.1-TOPO vector
(Invitrogen) to make plasmid pCR2.1 TOPO/AmCPV6. After transform-
ing in E. coli TOP 10 cells, plasmids were isolated and characterized by
EcoRI digestion. Recombinant plasmids containing proper size insert
were then sequenced using Bigdye in an ABI 3100 automated DNA
sequencer with M13 forward and reverse primers as well as internal
primers designed from the deduced sequences.
Sequence analysis
Genome sequence of AmCPV S6 was analyzed by Sequencher
program and homology searches were done using BLAST (Altschul
et al., 1997). Conserved motifs were identiﬁed using MotifScan
program (http://myhits.isb-sib.ch/cgi-bin/motif_scan). The molecular
Fig. 9. Fluorescence spectroscopic analysis of TNP–ATP binding to P68. (A) Fluorescence emission spectra of 1.0 μMP68, reaction buffer, 5 μMTNP–ATP in the absence and presence of
1.0 μMP68 as well as in excess of ATP (15mM) from 480 to 650 nm upon excitation at 410 nmwave length of light. (B) Binding titration of different amount of P68 (0.1, 0.2, 0.4, 1.6 and
3.2 μM)with varying concentration of TNP–ATP (1–10 μM) and a plot of 1/ΔF versus 1/molar concentration of TNP–ATP. (C) Plot of maximum ﬂuorescence enhancement (Fmax) versus
P68 concentration. (D) Fluorescence titration of 1 μM P68 with different amount of TNP–ATP for the determination of the stoichiometry of TNP–ATP binding to P68. (E) Mass action
plot of data obtained from the experiment (D).
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calculated using a protein calculator program (http://www.scripps.
edu/~cdputnam/protcalc.html) (Zhang et al., 2001). Secondary struc-
turewas predicted using the PHD program (Rost et al., 1994) and GOR4
(Garnier et al., 1996). Phylogenetic analysis for AmCPV6 encoded
protein (P68), with other cypoviruses and turreted reoviruses
containing conserved NTP-binding motifs was done by aligning the
amino acid sequences containing the conserved motifs with ClustalW
and by using the Neighbor joining (NJ) method (Kumar et al., 2004).Tree drawing was performed with the help of the Treeview program
(Page, 1996).
Northern hybridization
In order to verify cloning of the segment 6 cDNA from the corre-
sponding RNA of AmCPV, all genomic dsRNA segments were separated
in a 10% polyacrylamide gel and observed by staining with ethidium
bromide. The RNA segments in the gel were then denatured by brief
Fig. 10. Rate of ATP hydrolysis by P68 (represented by change of absorbance of NADH at
339 nm per unit time).
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onto nitrocellulose membrane. The membrane was then hybridized
with 32P-labelled cloned AmCPV S6 cDNA, washed and autoradio-
graphed (Qanungo et al., 2002; Feinberg and Vogelstein, 1983).
Expression of AmCPV S6 in E. coli
The entire protein-coding region of AmCPV S6 cDNA (607 amino
acid residues from nucleotides 32 to 1853) was ampliﬁed by PCR from
pCR2.1-TOPO/AmCPV6 using Accuzyme DNA Polymerase (Bioline) and
two primers, AGCPV67F (5′ GACTACAGGATCCCTAACGATG 3′; forward
primer containing BamHI site, underlined), complementary to bases
13 to 34, and AGCPV70R (5′ CGCTCGGTACCACAGTCTATC 3′, reverse
primer containing KpnI site, underlined), complementary to the bases
1844 to 1864. The ampliﬁed PCR product was digested with BamHI
and KpnI, separated on a 1% agarose gel and puriﬁed from the gel
using a gel extraction kit (Qiagen). Puriﬁed DNAwas ligated to BamHI/
KpnI-digested pQE-30 vector (Qiagen) in-frame with a sequence
encoding six histidine residues at the N-terminus. The resulting
recombinant plasmid, pQE-30/AmCPV6, was then transformed into
E. coli M15 and colonies were screened following BamHI and KpnI
digestion of isolated plasmids. For protein expression, recombinant
bacteria were grown in 5 ml LB medium containing ampicillin
(100 μg/ml) and kanamycin (25 μg/ml) for 3 h at 37 °C and then
induced with 1 mM IPTG for an additional 4 h at the same tem-
perature. Bacteria were harvested by centrifugation, lysed by boiling
with sample loading buffer (60 mM Tris–HCl, pH 6–8; 10% glycerol;
2% SDS; 5% β-mercaptoethanol and 1 mg/ml bromophenol blue) for
3 min and then loaded onto a SDS-10% PAGE. After electrophoresis,
the protein bands in the gel were stained with Coomassie brilliant
blue (Ausubel et al., 1995). The molecular mass of the expressed
recombinant protein was determined by comparison with standard
protein molecular mass markers and by using Quantity One software
in Gel-Doc 2000 (Bio-Rad).
Puriﬁcation of His-tagged protein
Recombinant bacteria containing pQE-30/AmCPV6 were grown in
1 l LB medium and induced with 1 mM IPTG. The insoluble His-tagged
fusion protein (P68) was ﬁrst puriﬁed as inclusion bodies (Caligan
et al., 1995). After solubilizing the inclusion bodies in 6 M guanidine
hydrochloride, further puriﬁcation of protein was carried out using a
Ni-NTA agarose kit (Qiagen) according to the manufacturer's protocol.
The total amount of puriﬁed protein was quantitated by the Bradford
method (Bradford, 1976) using BSA as standard and purity was
checked by SDS-10% PAGE (Laemmli, 1970).Rabbit immunization and production of polyclonal antibodies
One rabbit was immunized with bacterially expressed, puriﬁed,
recombinant His-tagged protein (P68) by standardmethods (Qanungo
et al., 2002; Harlow and Lane,1988). In brief, puriﬁed protein (550mg)
was mixed with Freund's complete adjuvant and injected subcuta-
neously at multiple sites. Three booster doses with Freund's
incomplete adjuvant and the same amount of protein were adminis-
tered via the same route at 4-week intervals. Twelve days after the
ﬁnal booster, blood was collected, serum prepared and the antibody
titer was determined by ELISA (Harlow and Lane, 1988). Speciﬁc
antibody was puriﬁed by antigen (P68-Sepharose) afﬁnity chromato-
graphy (Harlow and Lane, 1988; Sambrook et al., 1989).
Construction of recombinant baculovirus and expression of P68 in Sf9 cells
The ORF of AmCPV S6 was excised out from plasmid pQE30/
AmCPV6 by double digestion with enzymes BamHI and KpnI and
cloned into the corresponding sites of pBlueBacHis2A to make
pBlueBacHis2A/AmCPV6. The resulting recombinant baculovirus
transfer vector and BsuI-digested, linearized Autographa californica
nuclear polyhedrosis viral DNA (Invitrogen) were co-transfected into
Sf9 cells by using Insectin Plus according to the manufacturer's
protocol (Invitrogen). Four days post-transfection, the culturemedium
was collected and recombinant baculovirus showing cytopathic
effects but not the production of polyhedral occlusion bodies was
isolated by plaque puriﬁcation (O'Reilly et al., 1992). For the
expression of P68, Sf9 cells (2×107 cells in a 1 l spinner ﬂask) were
infected with the recombinant baculovirus at an m.o.i. of 5. The cells
were harvested 4 days post-infection by centrifugation and a cytosolic
extract was prepared by the method of Behrens et al. (1996).
Baculovirus expressed, His-tagged P68 was then puriﬁed by Ni-NTA
afﬁnity chromatography (Invitrogen).
Analysis of baculovirus expressed protein by Western blotting
To verify the expression of P68 in Sf9 cells, recombinant baculovirus
infected Sf9 cells (107 cells) were harvested by centrifugation and
dissolved in 100 μl of sample buffer (Laemmli,1970) by boiling at 100 °C
for 5 min. As a positive control, IPTG-induced recombinant E. coli
expressing pQE-30/AmCPV6 was boiled in sample buffer. The dissolved
proteins were subjected to SDS-10% PAGE and transferred electrophor-
etically onto a duralose membrane (Stratagene). The membrane was
blocked for 1 h at room temperature with 3% casein in TTBS (100 mM
Tris–HCl, pH 7.5, 0.9% NaCl, 0.1% Tween 20). After blocking, the
membrane was washed with TTBS and incubated with 5000-fold
diluted afﬁnity puriﬁed anti-P68 polyclonal antibodies for 1 h at room
temperature. After washing with TTBS as above, the membrane was
incubated with 2000 fold diluted protein A-conjugated horseradish
peroxidase for 1 h,washed thricewith TTBS and color developmentwas
done using the HPO color development kit (Bio-Rad).
Immunoblot analysis of the infected A. mylitta midgut cells, AmCPV
polyhedra and virion particles
For detecting the expression of P68 in infected cells, protein
samples from dissectedmidgut of AmCPV-infected and uninfected 5th
instar larvae were prepared by homogenizing the tissue in PBS
followed by centrifugation at 10,000 ×g for 10 min (Qanungo et al.,
2002) and collection of supernatant. Puriﬁcation of virion particles
were carried out by dissolving density gradient puriﬁed polyhedra in
10 ml of lysis buffer (0.2 M NaHCO3–Na2CO3 buffer pH 10.0) at room
temperature for 60 min, followed by neutralization with 0.2 N HCl to
pH 7.0 and centrifugation at 10,000 ×g for 30 min at 4 °C to pellet
undissolved polyhedra, and pelleting of virion particles from the
supernatant at 94,000 ×g for 90 min at 4 °C in an ultracentrifuge
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10 mM Tris buffer (pH 7.0) by ultracentrifugation and ﬁnally
resuspended in 50 μl of Tris buffer. Protein samples (35 μg) from
infected and uninfected midgut tissues, puriﬁed polyhedral bodies
and virion particles were boiled in sample loading buffer and run on
SDS-10% PAGE under reducing conditions. After electrophoresis,
proteins were transferred from the gel onto a duralose membrane,
reacted with anti-P68 polyclonal antibody and color development was
done to detect immunoreactive bands.
Circulardichroism (CD) spectroscopyand secondary structure determination
CDspectra of thepuriﬁed soluble P68 from insect cellswere recorded
on a Jasco-810 CD spectropolarimeter using 0.1 cm path length quartz
cell at 20 °C. Far-UV spectra were collected at a protein concentration
1 μM in 10 mM Tris, 50 mM NaCl buffer (pH 7.4). Data points were
recorded with step resolution 0.2 nm, time constant 2 s, sensitivity
10 mdeg, scan speed 50 nm/min and spectral bandwidth 2.0 nm. In
order to reduce the randomerror and noise, each spectrumwas taken as
an average of ﬁve scans over 240–195 nm. Background spectra were
acquired using the same buffer as used for the protein samples. The
spectra were corrected for the base line and normalized to the amino
acid concentration in order to obtain themean residual molar ellipticity
(degrees cm2/dmol). The percentage ofα-helix,β-sheet and random coil
were calculated using programs like K2d (Andrade et al., 1993) and
Jasco-810 (Greenﬁeld, 1996).
Molecular modeling
A restraint based modeling program MODELLER 6v0 (Sali and
Blundell, 1993) was used for generating the model of P68. The
secondary structure of the target sequence was identiﬁed using
different algorithms like PSIPRED (McGufﬁn et al., 2000) and PHD
(Rost et al.,1994). Since the target sequence of AmCPV S6 encoding P68
was not signiﬁcantly similar to any protein of known 3D structure in
PDB database, fold recognition techniques [3D-PSSM (Kelley et al.,
2000), GenTHEADER (Jones, 1999) and FUGUE (Shi et al., 2001)] were
used to identify other candidates having similar folds. The most cited
folds were identiﬁed at low E-values by the fold recognition method
and selected. The target sequence was then aligned with sequences of
related known three-dimensional structures (templates) having
similar folds. The coordinates of the structure of protein with PDB
code 1qqta were assigned to the target sequence according to an
alignment resulting from the threading and manually reﬁned on the
basis of the consensus secondary structure prediction and structural
details of 1qqta. MODELLER built a three-dimensional model of the
target sequence containing all main chain and side chain non-
hydrogen atoms. The whole model, including backbone, side chains,
and loops,was built in one optimization. The bestmodelwas evaluated
externally and internally on the basis of stereochemistry and energy of
minimization using the programs PROCHECK (Laskowski et al., 1993)
and Verify3D (http://nihserver.mbi.ucla.edu/Verify_3D). The chosen
model was subjected to conjugate gradients (CG) and steepest descent
(SD)minimizationmethods using the DISCOVERmodule of the Insight
II package (version 2000.1, 2000; Accelrys). Molecular docking analysis
with ATP molecule was performed on an energy minimized model of
P68 by using AUTODOCK 3.0 (Morris et al., 1998). The surface potential
of P68 was calculated using GRASP (Nicholls et al., 1991).
Functional characterization of P68 by ATP binding studies and ATPase
assay
The ﬂuorescent ATP analogue 3′(2′)-O-(2, 4, 6-trinitrophenyl)-
adenosine triphosphate (TNP–ATP) (Sigma) was used as a probe for
the ATP binding studies of recombinant P68 puriﬁed from baculovirus
infected Sf9 cells. Florescence measurements were done using Fluor-oMax-3 (Jobin Yvon) equipped with circulating water bath. All
measurements were taken at 25 °C with excitation wavelength set at
415 nm and the emission wavelength scanned from 480 to 650 nm.
Excitation and emissionmonochromatorswere set to give a bandpass at
4 nm. An integration time of 1 s was used. Initially the emission spectra
of 2 ml buffer (10 mM Tris, 50 mM NaCl, pH 7.4) containing 5 µM TNP–
ATP was measured upon excitation at 410 nm and the binding of P68 to
TNP–ATP was detected by the enhancement of the ﬂuorescence
intensity in the presence of 1 µM P68 (total reaction volume 2 ml).
The displacement of the ﬂuorophore was monitored by the addition of
the natural nucleotide (ATP) to a ﬁnal concentration of 15 mM. Any
quenching of TNP–ATP (5 μM) ﬂuorescence by 15 mMATPwas checked
by mixing them together and measuring the ﬂuorescence intensity.
Control experiment was done for only puriﬁed P68 (1 µM) and reaction
buffer. The change in the ﬂuorescence (ΔF) between the ﬂuorescence of
TNP–ATP bound to P68 and the ﬂuorescence of TNP–ATP alone in buffer
represents the ﬂuorescence enhancement due to speciﬁc binding.
For the titration of P68 binding to TNP-ATP, the TNP-ATP (1 μM–
10 μM) emission ﬂuorescence was measured for different concentra-
tions (0.1 μM–3.2 μM) of P68. All titrations were corrected for dilution
(b4%) and the inner ﬁlter effect according to Bujalowski and
Klonowska (1993). To determine the number of TNP–ATP molecules
bound per molecule of P68 monomer, the ﬂuorescence of 1 μM P68
was measured in the presence of a different amount of TNP–ATP (1–
9 μM) in 50 mM Tris–HCl pH 7.4 (Huang et al., 1998; Yao and Hersh,
2006). The speciﬁc ﬂuorescence enhancement (ΔF) was plotted
against the molar concentration of TNP–ATP. The data from this
graph was plotted to obtain Mass action plot from which binding
stoichiometry and dissociation constant were determined.
The ATPase assay is based on coupled enzymatic reactions where
regeneration of hydrolyzed ATP is coupled to the oxidation of NADH
(Kiianitsa et al., 2002). Following each cycle of ATP hydrolysis, the
regeneration system consisting of phosphoenol pyruvate (PEP) and
pyruvate kinase (PK) converts one molecule of PEP to pyruvate
when ADP is converted back to ATP. The pyruvate is subsequently
converted to lactate by L-lactate dehydrogenase (LDH) resulting in
the oxidation of one NADH molecule. The assay measures the rate of
decrease of NADH absorbance at 339 nm, which is proportional to
the rate of steady-state ATP hydrolysis (Kiianitsa et al., 2002). The
constant regeneration of ATP allows monitoring the ATP hydrolysis
rate over the entire course of the assay. The assay was performed at
24 °C in a 1 ml cuvette, with 1 μM P68 protein in a 500 µl volume of
ATPase reaction buffer {[50 mM of Tris–Cl (pH7.5), 4 mM MgCl2],
regeneration system (2 mM PEP, 20 U/ml Pyruvate kinase), 30 U/ml
LDH and 150 µM NADH} to give an A340 of 0.5–2.0. The readings were
taken in a spectrophotometer (Beckman Coulter DU 640B), till the
absorbance reaches saturation. This set was used as blank for the
reaction. To this mixture, ATP (10 mM) was added and the change of
absorbance was recorded at an interval of 10 s. The rate of hydrolysis
of ATP was calculated from the equation: ATPase rate (min−1)=
−dA339/dt×Kpath −1× [ATPase]−1 where dA339/dt is the change in
absorbance at 339 nm, Kpath is the molar absorption coefﬁcient of
NADH and [ATPase] is the molar concentration of P68, and expressed
as moles of ATP hydrolyzed/min/mol of P68 protein.
Nucleotide sequence accession number
The nucleotide sequences of AmCPV S6 have been deposited in the
Genbank database under Accession no: EF062995.
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